Carbon Capture and Storage is being actively developed for deployment in fossil fuel power stations in an attempt to reduce future emissions of CO2 due to concerns about climate change. The deployment of this technology will cause an inevitable reduction in the overall efficiency of any electricity generation plant leading to an increase in demand for the fossil fuels used to power the generation process. This paper estimates the average reduction in generation efficiency caused by the imposition of Carbon Capture and Storage and considers its effects upon the depletion rate of global coal reserves. Future production of coal is modelled using a symmetrical production curve. The results suggest that the widespread adoption of Carbon Capture and Storage may result in the exhaustion of coal reserves several decades in advance of when this may happen if CCS is not deployed.
INTRODUCTION
The need for the development of non fossil fuel energy resources is an inescapable reality for our society because the World's reserves of fossil fuels are undeniably finite, whilst the worldwide demand for energy continues to grow inexorably with only the occasional recession induced blip in the upward trend. The simple combination of increasing energy demand and diminishing fossil fuel reserves requires us to adapt our economy to a low energy future and / or develop energy alternatives. All of our nonrenewable energy reserves are by definition finite and will eventually face the same demise as many forecasters predict that oil reserves will face in the near future. There may be debate about the timing, but there is little doubt that fossil fuels will one day be effectively exhausted. Consequently we have no alternative but to develop reliable alternative energy technology if we wish to continue to enjoy our recent energy rich lifestyles.
A second and less certain reason why we should be developing alternative energy resources is the contribution that the burning of fossil fuels makes to climate change. Observational data clearly shows that CO 2 levels have been rising consistently since accurate measurements began [1, 2] . It is apparent from reconstructions based on ice cores that global temperatures and atmospheric concentrations of CO 2 are correlated.
However since changes in temperature appear to precede changes in CO 2 by between 800 and "several thousand" years, [3, 4] it does not follow that CO 2 has driven previous climatic temperature changes. It would seem equally plausible that changes in the temperature of the oceans drives changes in atmospheric CO 2 content rather than vice versa. Hence the relationship between our use of fossil fuels and climate change is not simple and contains much uncertainty. While the consensus within climate science remains that recent global temperature rises have been driven by rises in atmospheric concentrations of CO 2 , science is not determined by consensus and there remains significant doubt over the nature and magnitude of this effect [5] .
Following on from the Kyoto protocol the signatory countries have made strong commitments to reductions in our dependence on fossil fuels. These commitments have been adopted via the imposition of scheduled targets for a reduction in our use of fossil fuels and of emissions of greenhouse gases, in particular CO 2 . Both of these policies should have a positive effect on the fossil fuel depletion problem and on the increase in CO2 in our atmosphere.
Unfortunately there are areas in which the drive to reduce the emission of CO 2 may cause an acceleration in the rate of depletion of fossil fuels. One such technology is Carbon Capture and Storage (CCS) which is being actively developed in response to the threat of Anthropogenic Global Warming (AGW). Current research suggests that CCS is a technologically viable means of reducing our carbon emissions, however it will result in a decrease in the operating efficiency of our fossil fuel based energy industry that can only lead to our reserves being depleted more quickly than would be the case without its widespread deployment. [6, 7, 8] This paper will examine the effect of CCS on the efficiencies of power plants and the resultant consequences for the rate of fossil fuel depletion. The production of coal reserves will be modelled and the effects of deployment of CCS technology upon the rate of production and depletion examined.
REVIEW OF CCS TECHNOLOGY
The retrofitting and building of new coal fired power stations with integrated CCS technology must be justified by assessing its consequences for fossil fuel depletion, and not purely on the reduction of carbon dioxide emissions. If CCS is deployed on a widespread basis there will be an inevitable reduction in the efficiency of our power plants which will result in an increase in the demand for fossil fuels. This paper attempts to estimate what the effect of this increased demand for fossil fuels will be upon the rate of depletion of the planet's fossil fuel reserves.
Applying a CCS system to a power plant will decrease the net efficiency of the plant by varying degrees, depending upon the technology and processes used. It has been suggested that this reduction could be as much as one third [6] for the generation process alone with further reductions resulting from the energy demands of transporting and storing the captured CO 2 . This loss may result in 50% more coal being used in order to provide the same output of electricity. It has also been reported that in the United Kingdom "CCS will need 50% more coal for the same generation and it will add 70% to the costs..." [9] This will obviously have serious consequences for the energy costs of any country that consumes large quantities of coal.
A detailed description of some of the CCS technologies being developed can be found in [10] and [11] .
The most obvious method of transporting CO 2 to storage locations is piping the gas under pressure. There is a certain degree of pipeline infrastructure already in place, all be it now ageing. In the US for instance, CO 2 has been piped for use in Enhanced Oil Recovery for years, utilising around 3500 miles of existing pipelines. The issue, however, is that pipelines have not been built to and from coal plants in the past so this infrastructure would need to be installed or an alternative method would be required in order to move compressed CO 2 to pipelines to send the gas to storage.
Shipping CO 2 has also been suggested since liquefied CO 2 is transported regularly by ship. It is stored at -50˚C and 8 bar pressure so there is an inevitable energy requirement with this method. Currently around 900,000 tonnes CO 2 is shipped per year around the globe by sea. [10] Due to the relatively recent development of the concept of CCS there is a lack of proven examples of successful long term storage. Proposed sites include:
• Depleted natural gas fields -prior to production such sites have been demonstrated to be capable of long term gas storage. Most depleted fields are full of low compressibility fluid due to water injection operations during the recovery process.
• Depleted oilfields -the injection of CO 2 can be used to enhance oil recovery thus producing an output to offset the financial cost of the CCS infrastructure and operation. However there is a danger that the exploitation of the additional produced oil may produce a net increase in carbon emissions.
• Saline Aquifers -early assessments failed to consider the possible capacity constraints caused by pressure limitations in aquifers. The effective capacity of an aquifer may be between 0.2% and 2% of its theoretical capacity.
[11]
THE EFFECT OF CCS 3.1. Emissions
The primary reason for deployment of CCS is to reduce CO 2 emissions. Estimates for the values of CO 2 capture efficiency for the available technologies have been found in a number of recent studies [6, 10] . Values are given in the literature for the various options being considered. The capture efficiency appears to be of the order of 90% although some authors have suggested that this value should be between 85% and 90% depending upon the type of boiler technology employed.
[12]
Efficiency
The estimated effects of the deployment of CCS upon the absolute energy efficiency of different coal generation technologies range from 6.2 -9.3% [6, 10] . It is apparent that there is a considerable drop in efficiency of generating plant when CCS is deployed for all generation options. Figure 1 presents the resulting increase in coal consumption caused by the deployment of CCS for the main types of coal generation plants. The average increase in coal consumption across all technologies is around 26%. This figure only allows for the decrease in efficiency of the thermal plant and not for other energy demands of the full CCS technology such as those associated with pressurising, transporting and storing the captured gas. Pipeline transport and storage of CO2 requires the use of compressors and pumps to raise the pressure of the gas to approximately 15MPa inducing a phase change from gas to liquid or "dense phase" gas depending upon the temperature. It has been shown [13] that the power demands of CO 2 compression prior to pipeline transport are linearly related to the mass flow rate of the gas. This is illustrated in Figure 2 . A modern efficient 500MW e coal power station will output approximately 8,000 tonnes of CO2 per day which will require around 40MW for compression resulting in a further decrease in the overall efficiency of the power plant. Inclusion of this pressurisation energy demand produces an average increase in coal consumption due to the deployment of CCS of 37%. This figure is of the same magnitude as that calculated by other studies that have concluded that the increase in consumption due to adoption of CCS is of the order of 40% [14] . The energy costs of transporting the CO2 to the storage site may also contribute significantly to the overall drop in efficiency but they are not included in the estimation used in this study. 4. METHODOLOGY 4.1. Overview China is the world's primary coal producer, with the US second, with around half the production of China [15] . Since the major coal producing countries, with the exception of Australia, consume most of their produced coal, global coal consumption forecasts are highly dependent on the production profiles of the largest coal producers. This has been discussed by a number of studies, including Hook et al. [16] . If CCS is deployed on a large scale in order to prevent CO 2 emissions, coal production must increase amongst the major producers in order to meet the additional energy demand of the CCS technology. Worldwide adoption of CCS could be expected to lead to a sharp increase in rate of depletion of coal resources. There has been a tendency for reports on coal resources to present estimates of the number of "years left of coal" [17, 18] using a simple Reserves/Production (R/P) ratio which does not allow for future growth in production. This figure is easily reached by simply dividing the total reserves available by current production. BP's Statistical Review published in 2008 [17] gives the global R/P Ratio for coal at that time as 122 years. This headline number seems very favourable for the continued use of coal as a source of energy well into the future if the reserves are well known. However, calculating estimates of time to depletion of coal resources in this way ignores future growth and eventual decline of the rate of production. The concept of "Peak Coal" and the effects of variations in production upon reserves depletion must be included in any accurate estimate of time to exhaustion of the Ultimate Recoverable Reserves (URR). URR can be defined as the cumulative historical production of coal up until the present day plus the amount of proven recoverable resources left.
Coal production can be better represented as a bell shaped curve, or normal distribution which allows for variations in production with time [19, 15, 20] . The concept of a symmetrical resource production cycle is now widely accepted and leads to the inevitable conclusion that coal production will reach a "Peak Coal" situation analogous to "Peak Oil" [21] . Hence the coal industry will eventually face the same depletion issues as the oil industry, with the fortunate advantage that there is more time to prepare for the consequences. Recent online publications have suggested that modelling coal production as a symmetrical production cycle suggests that depletion will occur far in advance of the times predicted by using the R/P ratio [16, 21] because the rate of production P is increasing as demand for coal generated electricity increases globally.
Aim of Study
The aim of this study is to show how coal production rates will differ into the future if carbon capture and storage (CCS) technology is deployed across the globe. Due to the inevitable efficiency decrease in plants which adopt CCS it will lead to greater rate of consumption of the reserves. Hence there needs to be a considered discussion of the effects of the resulting increase in demand for coal upon the rate of depletion of the reserves and in particular the time at which peak production will occur given this scenario. CCS driven increases in coal consumption will cause production levels to increase, thereby moving the year of peak production forward. This paper attempts to estimate the change in the date of peak production due to the deployment of CCS.
Modelling of Coal Production
The the global coal production cycle can be modelled assuming a symmetrical Gaussian curve described by:
(1)
Where: P = Production rate of the resource at time t P m = Peak production rate t m = is the time at which peak production will occur σ = is the standard deviation of the distribution Modelling coal production as Hubbert's bell shaped curve has been the basis of a number of studies into peak coal production since Hubbert's estimates for peak production to occur between 2100 and 2200 [19, 21 ,22] . The 2007 EWG report [15] uses an adapted approach by applying this model to different countries individually and by separating out different types of coal, rather than on a purely global basis as is used in this paper. However there have been considerable differences between the predicted rates of peak production and peak year. This is mainly due to uncertainties in the figure estimated for Ultimate Recoverable Resources (URR). As discussed in
Mohr and Evans [22] , this is notoriously difficult to predict due to lack of historical data and significant recent downgrades in the published data for coal reserves. Due to the uncertainties in the value of Ultimate Recoverable Reserves the model presented in this paper chose to use the estimates of URR described by [22] in their Resources plus Consumption (R+C) and Best Guess (BG) scenarios to model the production cycle of coal. These curves are used as a baseline prediction for future production assuming negligible CCS technology deployment. Estimates of the year of peak production are taken directly from [22] . For the R+C scenario a value for the peak production of 9.9 Gt/yr and an estimate of the Ultimate Recoverable Reserve of 1243 Gt are used. For the BG scenario a peak production rate of 7.9 Gt/yr and a URR of 1144 Gt are used.
The baseline model was then altered to allow for the effects of a worldwide deployment of CCS. It was assumed that 100% adoption of CCS technology would be achieved over a 20 year period from 2010 to 2031. The average increase in demand for coal due to CCS installation was assumed to be 37% corresponding to the average increase in coal consumption from Figure 1 plus the estimated pressurisation energy demand calculated from Figure 2 . The model assumes that the rate of production would be able to rise to meet the increased energy demands of CCS technology. The increase was introduced in linear increments over a 20 year period from 2012 -2031. While this linear incremental rise may not reflect the actual distribution of CCS deployment it does enable us to make useful qualitative comparisons of the effect of increased production due to CCS technology upon the production cycle.
The model assumes that the overall ultimate recoverable reserves will not be changed by the introduction of CCS but that the peak production rate, the time at which peak production occurs and the standard deviation of the production curve will all change in response to the increase in demand for coal. By integrating production rates it can be shown that Q (= URR) is given by (2) Since it is assumed herein that Q does not change in response to CCS usage but rather that peak production increases to meet the extra demand, it is possible to calculate a modified value for the standard deviation given an increase in P m . Hence when P m increases there will be a pro rata decrease in the standard deviation of the production curve. The assumption that Q does not change when demand for coal resources increases is simplistic, but it does not prevent useful comparisons being made between the predicted production curves with and without CCS deployment.
It can also be shown that the corresponding time at which peak production will occur can be calculated from Figure 3 presents the results of the model of the production cycle of coal with and without the deployment of CCS technology for the R+C model. Figure 4 presents the results of deploying CCS technology to the BG model. [17] does not exactly fit the modelled curve for the scenario before CCS is deployed. However the BG and R+C scenarios were chosen because they give the best match to the production figures. The data and the model curves are similar enough to suggest that the models provide a useful picture of possible future production trends.
RESULTS
In the BG and R+C scenarios the impact of deployment of CCS is illustrated in figures 3 and 4 as an increase in future production levels. The peak production level in both scenarios has been forced to increase by 37% and this is reflected in the higher peak production value. However since it has been assumed that the total value of the URR will not change in direct response to increased production rates, the standard deviation of the Gaussian curve is reduced. Table 1 contains the year at which peak production occurs with and without CCS deployment. CCS deployment will lead to a movement forward in time of the occurrence of peak production of coal by 4-5 years from 2048 to 2043 in the R+C scenario. In the BG scenario peak production is moved forward by one year when CCS is added to the model. This smaller shift in the BG scenario may be explained by the fact that the expected time of peak production for this case is only 3 years after the end of the incremental deployment of CCS assumed in this paper. By using the Normal distribution of the production over time we can compare the timing of various characteristics of the production cycles with and without CCS. Table  2 illustrates how adoption of CCS brings forward the time at which the production cycle has depleted 84% and 98% of all resources which approximately corresponds to one standard deviation and two standard deviations respectively after the time that the peak production rate occurs. By examining the change in the time of occurrence of the production of 98% of the total URR then the deployment of CCS will bring this forward by 33 years for both the R+C and BG scenarios.
CONCLUSION
This paper has described a relatively simple model of the future production of coal based on estimates of peak production and ultimate recoverable reserves from two scenarios proposed by Mohr and Evans [22] . Although the model lacks complexity it does provide an approximation to future production rates both with and without adoption of CCS technology and enables the authors to estimate the likely effects of widespread deployment of CCS technology. While it is obvious that the energy demands of the CCS process will lead to a greater rate of depletion of coal reserves, few attempts have been made to estimate the actual effects upon production levels and time to depletion of the resource. The paper has focussed on two production scenarios as discussed by Mohr and Evans. It has assumed that production of coal will be able to rise to meet the extra demand created by CCS adoption which may not be possible due to constraints on production such as lack of investment in coal extraction infrastructure.
The model has been applied to two scenarios which are based on the mass rate of production of coal. It may be more appropriate to model the energy rate of production but this would add an extra layer of complexity to the model with unlikely additional benefits for final results. It should be remembered that higher energy coals such as anthracite are being used up faster than lower energy fuels such as lignite which may result in a faster decay of coal production on an energy basis.
The model has also assumed that CCS will be deployed on a worldwide basis. This would require an unprecedented level of global agreement and may not be politically achievable. However given the severe additional energy, and hence monetary cost of deploying this technology, nations that adopt it unilaterally will be at a major economic and industrial disadvantage in comparison to those who do not.
This model suggests that the point of severe depletion of our coal reserves defined by the time at which 98% have been produced will be brought forward by 33 years by the consequences of widespread deployment of CCS. In the scale of human lifetimes this corresponds to a full generation of the population who will have to live without coal resources due to the implementation of this technology in response to concerns over CO 2 about which much uncertainty remains.
